(e.g., cattle pastoralism) could be derived only from African sources.
At the time of the first Madagascan settlement, the entire Indian Ocean was a vast trading network connecting China with the Mediterranean and all societies in between (Vérin and Wright 1999) . There is substantial evidence of Islamic influence and limited evidence of Indian influence on the Malagasy, in both language and culture.
In contrast to these cultural and linguistic traces of Malagasy ancestry, the genetic origins of the Malagasy are relatively poorly understood, and conflicting signals of African, Asian, and Pacific origin have appeared from studies of different loci (Migot et al. 1995; Soodyall et al. 1995; Hewitt et al. 1996) . These contradictions result, in part, from being able to identify the likely origins of only a subset of lineages present at any single locus.
In the present study, we employed the detailed phylogenetic and geographic resolution of paternally inherited Y-chromosomal lineages and maternally inherited mtDNA lineages to apportion Malagasy lineages to ancestral populations. In this way, the contributions of the different ancestral populations to the modern Mala- gasy gene pool can be estimated directly, and likely geographic origins can be pinpointed with precision.
We assayed mtDNA and Y-chromosomal diversity in a Malagasy population sample comprising four different ethnic populations: Bezanozano ( ), Betsileo ( n p 6 n p ), Merina ( ), and Sihanaka ( ). Ten po-18 n p 10 n p 3 tential ancestral populations ( ) representing man p 327 jor population groups within Island Southeast Asia and Oceania were also analyzed with Y-chromosomal markers. To type all these samples for the required number of Y-chromosomal and mitochondrial (mt) markers, it was necessary to perform whole-genome amplification. Degenerate oligonucleotide-primed PCR (Nrich [Genetix]) (Telenius et al. 1992 ) performed better than multiple displacement amplification (Molecular Staging) (Dean et al. 2002) in early trials and, consequently, was used throughout.
We selected 44 binary markers in the present Y-haplogroup phylogeny (Y Chromosome Consortium [YCC] 2002; Jobling and Tyler-Smith 2003) that were predicted to be particularly informative in this study. These markers were typed using a combination of single-plex PCRs described elsewhere (Hurles et al. 2002; YCC 2002) and nine novel PCR multiplexes, each analyzing between three and seven SNPs. These multiplexes were designed to facilitate hierarchical typing, which minimizes the amount of genomic DNA required to define lineages at high resolution. These multiplexes use locus-specific primers tagged with universal primers to enable a two-step amplification protocol that equalizes the simultaneous amplification of multiple loci (Belgrader et al. 1996; Paracchini et al. 2002) . SNPs lying within these PCR products were subsequently genotyped by single-base extension (SNaPshot [Applied Biosystems]) and capillary electrophoresis. Primer extension reactions were performed in half the recommended reaction volume but were otherwise processed in accordance with the manufacturer's instructions. The amplification and extension primers used in the present study are detailed in table 1.
Together, these markers define 41 Y-chromosomal lineages, of which 10 are found in the Malagasy, 16 are found within Island Southeast Asia and Oceania, and 8 are found in East African populations (Luis et al. 2004 ). The Y-chromosomal lineages in East Africa are nonoverlapping with those found in Island Southeast Asia and Oceania (see fig. 1 ). As a consequence of this population differentiation, it is simple to apportion lineages found in the Malagasy to either an African or an Asian origin. All but two Malagasy lineages can be found in either East African or Southeast Asian populations. The two unaccounted-for lineages are single chromosomes belonging to haplogroups L* and R1b. Haplogroup L* is found at appreciable frequencies only in populations bordering the northern Indian Ocean, and haplogroup R1b reaches highest frequencies in northwestern Europe (Jobling and Tyler-Smith 2003) . We believe these two lineages most likely reflect recent admixture events as a result of Indian Ocean trading links (Duplantier et al. 2002) and European colonization, respectively.
To identify which Island Southeast Asian or Oceanic population represents the most likely source population for the Asian lineages found in the Malagasy, we computed pairwise F ST distances, using the Arlequin software, to determine the closest populations, in terms of genetic distance to the Malagasy. This analysis indicates that, among the populations we sampled, the two populations from Borneo are the best candidates for the likely source of these lineages (table 2). This genetic proximity between the Malagasy and Borneo populations reflects the presence of appreciable frequencies of lineages O1b and O2a* in both populations, as well as a relative lack of chromosomes belonging to O3 lineages. The closest single Island Southeast Asian or Oceanic population to the Malagasy is that from Banjarmasin.
To explore the statistical significance of these observations, we devised a permutation test to assess whether the genetic distance between the Malagasy (A) and one population (B) is significantly smaller than that between the Malagasy and another population (C). In this test, the individual haplotypes observed in populations B and C are pooled and are randomly reassigned 10,000 times into two simulated populations (B and C ) with the same sample sizes as B and C. The P value of the difference in genetic distance--is then calcu- that there is no significant difference between the two Borneo populations ( ) but that the resultant P p .8374 pooled Borneo population is significantly closer to the Malagasy than any other Island Southeast Asian population ( ). P ! .001 The phylogeny of mtDNA variation present in modern humans can be crudely characterized as comprising L lineages, present almost exclusively in Africa, and M and N lineages, present almost exclusively outside of Africa. Thus, classifying mt genomes into these major clades has significant power for discriminating between African and Asian origins. We devised a novel multiplex using the single base-extension method described above to type seven coding-region base substitutions (transitions at po-
Figure 1
A, Y-chromosomal haplogroup frequencies in the Malagasy and in potential ancestral populations. The maximum parsimony phylogeny relating the 41 Y-chromosomal haplogroups defined in the present study is shown above the absolute frequencies of those lineages in the different populations. The phylogeny is labeled with single-letter clades, and branches are labeled with the markers that define them. The lineage nomenclature is the updated version of that proposed by the YCC (YCC 2002; Jobling and Tyler-Smith 2003) . The gray shading on the phylogeny indicates the nine sets of markers typed together in multiplexes. B, Pie charts illustrating the relative frequencies of the different haplogroups (colored to agree with the coloring of the phylogeny) shown on a map of the Indian Ocean. The Taiwanese population sample represents individuals pooled from four different aboriginal groups. Samples in these Island Southeast Asian and Pacific populations that were identified elsewhere as representing recent paternal European admixture in published lower-resolution Y-chromosomal marker typing of the same populations (Hurles et al. 2002) were not typed in the present study. East African data come from Luis et al. (2004). sitions 15043, 10400, 10398, 15301, 6455, 9824, and 10310 ) that define the M and N lineages, as well as the R9 sublineage within haplogroup N and the M7 sublineage within haplogroup M (Kivisild et al. 2002) , both of which are known to be present in Island Southeast Asian populations (primers used in this multiplex assay are detailed in table 1). Among 37 Malagasy mt genomes, we found 23 that belong to M and N lineages and 14 that belong to L lineages ( fig. 2 and table 3) .
To further localize the geographical origins of Asian mtDNA lineages found in the Malagasy, we studied the hypervariable segment I (HVSI) sequence of the mt genome, for which a large volume of comparative data is available, we amplified and sequenced HVSI, using primers TTAACTCCACCATTAGCACC and GAGGATGG-TGGTCAAGGGAC (Forster et al. 2002a ) (between positions 16093 and 16362) in mtDNA from these 37 Malagasy individuals, and, by combining these data with the coding SNP haplotypes described above, we defined 14 distinct maternal lineages in the Malagasy ( fig. 2) . A recently developed method for identifying the likely ancestry of a set of mt sequences is to perform a "center of gravity" (CoG) analysis of individual sequence types observed within a population (Rö hl et al. 2001; Forster et al. 2002b ). In our CoG analysis, the best matches to an HVSI sequence type were identified within a manually curated database of HVSI sequences associated with a precise geographical location. A CoG was then calculated by weighted interpolation of all best-match locations (see fig. 2 ). The relative lack of published Island Southeast Asian HVSI data could hamper a CoG analysis. To counteract this sampling bias, we added 82 HVSI sequences from Banjarmasin ( ), Kota Kinabalu n p 21 ( ), and the Philippines ( ) to the analysis. n p 36 n p 25 These sequence types are given in table 3. Exact matches within our database of 19,371 HVSI sequences can be found for all six maternal lineages in the Malagasy that appear to be Africa derived. By contrast, exact matches can be found for only three of eight Asia-derived maternal lineages.
The CoGs observed in the Malagasy fall within either Island Southeast Asia or sub-Saharan Africa. These CoGs accord exactly with the lineage classifications: all sequence types that belong to L haplogroups are found in Africa, and all sequence types that belong to M and N haplogroups are found in Island Southeast Asia. The relatively broad distribution of the Asian CoGs suggests that the present level of geographical resolution afforded by a CoG analysis is not sufficient to enable us to identify a single likely source population in Island Southeast Asia. It does, however, allow us to exclude the possibility that a Pacific Island population was the sole source of these mt lineages.
We calculated Nei's gene diversity (using the Arlequin software) in HVSI sequences from the Malagasy and compared it with diversity apparent in the three Island Southeast Asian populations described above, as well as in published data on Mozambique (Pereira et al. 2001 ) and Oceanic populations (Hurles et al. 2003b ). The Malagasy appear to have diversity that is significantly lower than that seen in Island Southeast Asia and Mozambique populations (Pereira et al. 2001) but that is higher than that seen in Pacific islands colonized within the past 3,500 years (table 4).
The amount of genetic diversity observed in a population is heavily influenced by demography and thus gives insights into settlement patterns. We might expect that the presence of HVSI sequences from two diverse ancestral populations would inflate HVSI sequence diversity; however, the lower genetic diversity in the Malagasy compared with both ancestral populations suggests either that early migrations were relatively restricted in numbers, duration, and origin or that subsequent population bottlenecks resulted in a postsettlement reduction of diversity. Recently colonized islands often exhibit reduced genetic diversity as a result of a combination of founder events and elevated genetic drift due to lower population sizes. However, this impact does not appear to be as severe in the Malagasy as it is for Pacific Island populations with a similarly recent settlement (reviewed by Hurles et al. [2003a] ). This observation holds true even when only Asia-derived lineages are considered. This suggests that the sequential founder events and bottlenecks that were a feature of Pacific Island settlement were not paralleled in the colonization of Madagascar from the East and provides support for a direct rather than multistep process of migration from Indonesia. Alternatively, successive waves of migration from Asia may have brought different sets of lineages to Madagascar.
If we calculate gene diversity separately for Asia-derived and Africa-derived maternal lineages in the Malagasy, we find that the Asian lineages are significantly more diverse. These observations are largely explained by the predominance of a single African HVSI sequence type (found in 9 of 14 Africa-derived mt lineages). This sequence type is found in all four Malagasy ethnic populations sampled in the present study, so its predominance does not result from genetic drift in a single Malagasy subpopulation. Intuitively, one might expect fewer founders and therefore lower genetic diversity from the more geographically distant ancestral population. However, this does not appear to be the case in this situation. Given
Figure 2
A, Phylogeny of mt sequence types found in the Malagasy and their CoGs. The maximum parsimony phylogeny of the 14 maternal lineages defined in the present study builds on the phylogeny constructed by Kivisild et al. (2002) . The tips of the phylogeny are labeled with the number of Malagasy mt genomes found in each lineage. The phylogeny is also labeled with the major clades and the variable sites that define individual branches. The gray shading on the phylogeny indicates the seven coding variants that are typed together in a single multiplex. B, A map of the Old World, showing the positions of the CoGs of the 14 different mt sequence types (blackened circles, triangles, and squares) and the lineage group to which that sequence type belongs. Strictly speaking, mtDNA type "L" encompasses mtDNA types "M" and "N," which are Eurasian subgroups of "L"; however, for simplicity, "L" here denotes "L" lineages excluding "M" and "N" types. The number within each shape indicates the frequency of that lineage within the data set. For most mt types, it was sufficient to enter only their HVSI sequences. However, to obtain monophyletic hits in the geographic database for two Malagasy HVSI sequence types found in paraphyletic mt lineages, it was also necessary to consider their coding SNP haplotypes, to eliminate spurious matches in geographical regions in which these haplotypes are known to be absent. Full HVSI sequence types are given in table 3.
Table 3 mt Haplotypes Found in Study Populations
The a "Malagasy Asian" and "Malagasy African" refer, respectively, to the HVSI gene diversity among the Asia-derived and Africa-derived mt lineages in the Malagasy.
b Mozambique mtDNA data are from the publication by Pereira et al. (2001) .
c Samoan and New Zealand Maori gene-diversity values are from the publication by Hurles et al. (2003b) . that the diversity apparent within the two ancestral populations is comparable, this implies that migrations from Africa may have been more limited than those from Indonesia.
In principle, it would be interesting to test whether these differences in Africa-derived and Asia-derived lineage diversity are replicated in the paternal lineages of the Malagasy. However, it is well documented that estimates of diversity that are based on genotyping known SNPs are biased by the markers selected for genotyping and the geographic distribution of the initial screening set used to identify these markers (Jobling and TylerSmith 2003) . As a consequence, it is not appropriate to compare apparent SNP diversity between African and Asian Y-chromosomal lineages.
The above analyses demonstrate that we can consider the Malagasy to be an admixed population derived from two ancestral populations, one African and the other Indonesian; we can now estimate the admixture proportions of these populations. The mutual exclusivity of Y-chromosomal and mtDNA lineages between these two ancestral populations means that we can obtain a point estimate of admixture proportions simply by counting lineages. Of Malagasy mtDNA lineages, 38% (14/37) can be traced to Africa, whereas 51% (18/35) of Y-chromosomal lineages have an African origin. This increases to 55% (18/33) when the two putative recently admixed Y chromosomes are removed.
When estimating admixture proportions, we are estimating the cumulative contributions made by different ancestral populations to a hybrid population (Chakraborty 1986). We do not know the true frequencies of the different lineages in these three populations at the time that admixture occurred, and we can only infer these frequencies from sampling the contemporary populations that best approximate these ancient populations. Various factors influence the accuracy and precision of estimates of admixture proportions from contemporary populations, including sampling errors, genetic drift in all populations, the degree of population differentiation between the ancestral populations, and mutations. Various statistical methods that take into account some of these factors are available for estimating admixture proportions (reviewed by Jobling et al. [2004] ). Using the software LEADMIX (Wang 2003) , we employed three different statistical methods to estimate the proportion of African ancestry in Malagasy paternal lineages; in order of increasing complexity, these estimators are RH62 (Roberts and Hiorns 1962) , L91 (Long 1991) , and W03 (Wang 2003) , the last of which is a recently derived likelihood estimator that estimates rates of genetic drift simultaneously in the ancestral and hybrid populations. These three methods all gave very similar estimates of African admixture proportions, which do not differ greatly from the estimate obtained from lineage counting: 58% for RH62, 56% for L91, and 56% for W03. There are broad confidence limits (19%-82%) for the latter likelihood estimate of paternal African admixture, which encompasses the point estimate of the proportion (38%) of African ancestry from maternal lineages. Consequently, the paternal and maternal estimates of the proportion of African ancestry in the Malagasy are statistically indistinguishable; there is no evidence of ancient sex-biased admixture. Further microgeographic sampling within Madagascar will be required to explore how admixture proportions vary among different Malagasy ethnic populations.
Characterization of genetic ancestry in the Malagasy has hitherto remained partial and imprecise. By contrast, in this study, because we generated comparative data from a wide range of potential ancestral populations, we have been able to identify the likely origins of all paternal and maternal lineages found in four different Malagasy ethnic populations.
We have confirmed the presence of the mt "Polynesian motif" among maternal Malagasy lineages, as was reported elsewhere (Soodyall et al. 1995) . However, direct migration from Polynesia can be discounted, since the predominant Y-chromosomal haplogroups found in Polynesians, O3 and C, are not found at all among Malagasy paternal lineages.
Among the 10 potential ancestral populations in Island Southeast Asia and Oceania that we sampled, the Borneo populations had Y-chromosomal haplogroup distributions that were the most similar to those observed among the Malagasy. This observation is in striking agreement with the linguistic evidence that the Malagasy language is most closely related to the Maanyan language from the Barito River Valley in southern Borneo. Now that we have identified the region of origin for this Asian migration to Madagascar, further microgeographic sampling within Indonesian islands may pinpoint more precisely the origins of the Malagasy. Populations that possess both the paternal (e.g., O1b and O2a*) and maternal lineages (e.g., Polynesian motif) that are common in the Malagasy would be of particular interest. It is intriguing that the majority of Asia-derived mtDNA types present in the Malagasy do not have exact matches in an extensive database of HVSI sequences, and identification of these specific mtDNA sequence motifs within potential ancestral populations in Indonesia should be a priority. However, it must be remembered that genetic diversity in contemporary populations is an imperfect proxy for variation within ancient populations. The ongoing processes of population fission and fusion as well as genetic drift may prohibit the identification of a precise contemporary population that exactly represents the ancient population from which migrants departed. In addition, the possibility remains that migration either occurred from several genetically distinct sources within Indonesia or was kin structured (Fix 1999) , such that no ancient population ever had the same lineage distribution as that of the migrants to Madagascar.
Admixture between two highly differentiated populations generates long-range allelic associations that decay over time (Chakraborty and Weiss 1988) . The amount of linkage disequilibrium (LD) exhibited by an admixed population depends on a number of factors, including proportions of admixture, differentiation between ancestral populations, time since admixture, and demography (Pfaff et al. 2001) . It has been proposed that it will be possible to efficiently map genes underlying complex traits by focusing on association studies in admixed populations, and a range of potentially informative populations has been identified (Halder and Shriver 2003) . Although the time since admixture in the Malagasy is comparatively long, the high degree of differentiation between the two ancestral populations and the even balance of their contributions suggest that excess LD might still exist. Admixture mapping of genes underlying complex traits is predicated on the observation that the trait itself is differentially manifested among the ancestral populations. Therefore, although most attention has focused on European and African admixture in African Americans (Halder and Shriver 2003) , it would be of interest to identify a range of admixed populations that are derived from various different ancestral combinations. The admixture of Indonesian and African lineages present in the Malagasy may be uniquely informative. Further characterization of LD in the Malagasy will be necessary for determining whether the Malagasy can be added to the list of admixed populations suitable for the identification of genes underlying complex traits that are of interest to anthropologists and medical geneticists alike.
